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Compensatory up-regulation of angiotensin II subtype 1 recep- lial sodium reabsorption in the distal nephron, where
tors in aENaC knockout heterozygous mice. the fine regulation of sodium excretion occurs [1]. This
Background. In mice, a partial loss of function of the epithe- channel consists of three homologous subunits (a, b, andlial sodium channel (ENaC), which regulates sodium excretion
gENaC), which have been cloned in different species,in the distal nephron, causes pseudohypoaldosteronism, a salt-
including humans [2–4]. Using the knockout approach,wasting syndrome. The purpose of the present experiments
was to examine how aENaC knockout heterozygous (1/2) inactivation of the gene coding for the a subunit of ENaC
mice, which have only one allele of the gene encoding for the has led to perinatal lethality because sodium reabsorp-
a subunit of ENaC, control their blood pressure (BP) and tion was completely abolished in airway epithelia [5].sodium balance.
In these knockout mice, the renal phenotype was notMethods. BP, urinary electrolyte excretion, plasma renin ac-
observed because the neonates died too early. Partialtivity, and urinary adosterone were measured in wild-type
(1/1) and heterozygous (1/2) mice on a low, regular, or high rescue of ENaC-mediated sodium reabsorption in trans-
sodium diet. In addition, the BP response to angiotensin II genic mice carrying the a subunit of ENaC under the
(Ang II) and to Ang II receptor blockade, and the number control of an ubiquitously and constitutively expressedand affinity of Ang II subtype 1 (AT1) receptors in renal tissue promoter (cytomegalovirus) on a knockout backgroundwere analyzed in both mouse strains on the three diets.
improves the mice survival, although 50% of mice dieResults. In comparison with wild-type mice (1/1), aENaC
heterozygous mutant mice (1/2) showed an intact capacity to soon after birth. Surviving transgenic knockout mice de-
maintain BP and sodium balance when studied on different velop a severe pseudohypoaldosteronism type 1 pheno-
sodium diets. However, no change in plasma renin activity was type characterized by a metabolic acidosis, urinary saltfound in response to changes in sodium intake in aENaC 1/2
wasting, high plasma aldosterone levels, and growth re-mice. On a normal salt diet, heterozygous mice had an in-
tardation [6].creased vascular responsiveness to exogenous Ang II (P ,
0.01). Moreover, on a normal and low sodium intake, these In contrast to transgenic knockout animals, aENaC
mice exhibited an increase in the number of AT1 receptors in knockout heterozygous (1/2) mice, which have only
renal tissues; their BP lowered markedly during the Ang II one allele of the gene encoding for the a subunit ofreceptor blockade (P , 0.01) and there was a clear tendency
EnaC, appear to have a phenotype comparable to thatfor an increase in urinary aldosterone excretion.
of wild-type (1/1) mice. The purpose of the presentConclusions. aENaC heterozygous mice have developed an
unusual mechanism of compensation leading to an activation experiments was to examine the mechanism(s) whereby
of the renin-angiotensin system, that is, the up-regulation of aENaC(1/2) mice control their blood pressure (BP)
AT1 receptors. This up-regulation may be due to an increase and sodium balance in more detail. Our results show
in aldosterone production.
that aENaC heterozygous mice have an intact capacity
to maintain BP and sodium balance despite varying their
sodium intake within a large range. Their ability to main-The amiloride-sensitive and aldosterone-dependent
tain a normal BP even with a reduced sodium intake isepithelial sodium channel (ENaC) controls transepithe-
apparently caused by increased activity of the renin-
angiotensin-aldosterone system. However, activation of
the renin-angiotensin system is mediated by an up-regu-Key words: epithelium sodium channel, mouse model, salt wasting,
blood pressure, renin-angiotensin system. lation of the number of angiotensin II subtype 1 (AT1)
receptors rather than by an increase in plasma reninReceived for publication March 3, 2000
activity. Accordingly, up-regulation of AT1 receptorsand in revised form December 26, 2000
Accepted for publication December 27, 2000 seems to be an important compensatory mechanism in
aENaC heterozygous (1/2) mice.Ó 2001 by the International Society of Nephrology
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METHODS of Ang II receptor blockade were also assessed under
low salt conditions. For this purpose, mice received theExperiments were performed on adult (4 to 6 months
low salt diet for one week. Since an irbesartan-containingold), male aENaC wild-type (1/1) and heterozygous
low salt diet is not available, BP was measured in con-(1/2) mutant mice (N6129ola/C57) produced as de-
scious mice before and after the intravenous administra-scribed previously [5]. Genotyping of aENaC (1/1) and
tion of irbesartan (1.5 mg/kg). This dose of irbesartan(1/2) mice was performed by polymerase chain reaction
blocks the BP response to exogenous angiotensin II com-(PCR)-based analysis of tail DNA [6]. Wild-type and
pletely for several hours.heterozygous mice were taken from the same litter. The
In a third set of experiments, renal membranes wereexperimental designs were accepted by an institutional
produced from the kidneys and liver of wild-type andcommittee for a humane use of the animals. All mice
aENaC (1/2) mice receiving a low, regular, or high
were housed in a temperature- and humidity-controlled sodium diet. The purpose of these experiments was to
room, with an automatic 12-hour light/dark cycle (from assess the number (Bmax) and the affinity constant (Kd)7 a.m. to 7 p.m.). of AT1 receptors in the kidney of aENaC 1/1 and 1/2In a first set of experiments, aENaC (1/1) and (1/2) mice using saturation curves of radiolabeled Ang II. The
mice were randomly separated into three groups to re- tissues were extracted and rinsed in a phosphate buffer
ceive either a low sodium (1 g Na1/kg of food), regular solution, and the capsule was removed before homogeni-
sodium (4 g Na1/kg), or high sodium diet (16 g Na1/kg) zation in 0.25 mol/L sucrose and 5 mmol/L Tris-HCl
for two consecutive weeks. All diets contained the same buffer, pH 7.4, containing 5 mmol/L ethylenediaminetet-
amount of potassium, that is, 6 g K1/kg of food. These raacetic acid (EDTA) and a protease inhibitor cocktail
diets were ordered from UAR (Service des re´gimes spe´c- (Completee; Boehringer Mannheim, Mannheim, Ger-
iaux, Epinay sur Orge, France). All mice had free access many). The homogenate was centrifuged at 50,000 3 g
to food and tap water. On the last day of the diet, urine for 30 minutes at 48C. The pellet was resuspended in a
samples were collected from each mouse in the after- binding buffer containing 50 mmol/L Tris-HCl and 5
noon. To obtain urine, mice were placed into a fitted mmol/L EDTA, pH 7.4, and centrifuged a second time
plastic restraining tube, and urine was collected into a as described previously in this article. The membrane
1.5 mL Eppendorf tube for approximately three hours. pellet was finally resuspended in the binding buffer at 1
mg protein/mL and was aliquoted, quickly frozen in liq-At the end of the experiment, the mice were weighed,
uid N2, and stored at 2708C.and an arterial catheter was placed into the carotid artery
to monitor BP and heart rate. Blood was collected for
AT1 receptor binding assaythe measurement of serum electrolytes and creatinine.
The binding of angiotensin II (5-L-isoleucine)tyrosyl-All urine and blood samples were stored at 2208C. So-
125I-monoiodinated (125I-angiotensin II; Dupont, Boston,dium transport across the ENaC-sensitive rectal epithe-
MA, USA) was investigated as published previously [9].lium was estimated by measuring the amiloride-sensitive
The binding was conducted in a final volume of 0.5 mLrectal potential difference (PD) as described previously
of 50 mmol/L Tris-HCl (pH 7.4) containing 5 mmol/L[7]. In some animals, blood was drawn at the end of
EDTA and 0.2% bovine serum albumin at 378C for onethe experiment for the determination of plasma renin
hour, in the presence of 10 mmol/L of PD-123319 toactivity and plasma renin concentration, and urines were
block the AT2 receptors. Separation of bound labeledcollected for the determination of urinary aldosterone
Ang II was achieved by centrifugation at 48C and re-excretion.
peated washes with buffer. The residual radioactivityIn a second set of experiments, a dose–response curve
was determined by g counting. Nonspecific binding ofto exogenous angiotensin II was performed in aENaC 1/1 125I-Ang II to the membrane preparation was estimated
and 1/2 mice maintained on a regular sodium diet. For in the presence of 10 mmol/L unlabeled Ang II. Specific
this purpose, increasing doses of angiotensin II (10 to binding was defined as total binding minus nonspecific
100 ng/kg) were administered as bolus injections at binding. In saturation experiments, membranes (100 mg
15-minute intervals, and intra-arterial pressure was mon- protein/assay tube) were incubated with various concen-
itored continuously to record the changes in BP. Angio- trations (final concentration 1 to 100 nmol/L) of 125I-Ang
tensin II (Ang II) was purchased from Clinalfa (La¨ufel- II. The experiments were done in duplicates, and the
fingen, Switzerland). In another group of mice, the BP characterization of the binding saturation curves (that
response to Ang II receptor blockade was examined. is, Kd and Bmax) was obtained using GraphPad Prism
For two weeks these mice received either a regular chow software.
or a chow containing 550 mg/kg irbesartan, a specific
Biochemical analysis and blood pressure measurementsAT1 receptor blocker [8]. Irbesartan was provided by
Sanofi (Montpellier, France). After two weeks, blood To measure plasma sodium and potassium levels and
serum creatinine, 300 mL of blood were taken from thepressure (BP) and heart rate were monitored. The effects
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Table 1. Characteristics of aENaC wild-type and heterozygous mice studied on various salt diets
D Amiloride-sensitive
UrinarySerum Na Serum K rectal PD mV
Salt aENaC Weight Mean BP Heart rate Urinary aldosteronea
diet genotype N g mm Hg beats/min Na/Cr fg/lg Cr a.m. p.m.mmol/L
LS 1/1 9 2860.9 11662 630625 14961 4.960.3 1361.4c 15076144b 21862b 23662b
LS 1/2 8 2960.8 11763 649614 14861 5.060.2 1361.7c 22676476b 22061b 23762b
NS 1/1 11 2860.5 12463 667636 15161 4.760.2 4662.1 277642 21161 22361
NS 1/2 9 2960.6 12963 705633 14762 4.860.2 4262.5 5456124 21561 22662
HS 1/1 10 2860.5 11663 610617 15061 5.360.3 6966.2c 233657 28.161 22064
HS 1/2 11 2760.7 11962 587621 14861 5.460.3 6665.3c 352666 28.661 22163
Abbreviations are: LS, low salt diet; NS, regular salt diet; HS, high salt diet; a.m., morning measurements; p.m., afternoon measurements; Cr, creatinine; BP, blood
pressure; PD, potential difference.
a Urinary aldosterone was measured in the afternoon
b P , 0.05, cP , 0.01 vs. the corresponding group on a regular sodium diet (NS)
carotid artery after BP measurement into a 0.6 mL
Multivette containing gel/clot activator (Sarstedt, D-51588
Numbrecht). Serum and urinary sodium and potassium
were measured by flame photometry (Instrumentation
Laboratory, Lexington, KY, USA). Urinary and serum
creatinine values were determined on an autoanalyzer
(Cobas Bio, Hoffman-La Roche, Basel, Switzerland).
Plasma renin activity, plasma renin concentration [10, 11],
and urinary aldosterone excretion were measured using
methods described earlier and adapted for microamounts
of blood (abstract; Wang et al, J Am Soc Nephrol 9:48A,
1998). BP and heart rate were recorded intra-arterially
with a computerized data-acquisition system as described
previously [11]. To place the intra-arterial catheter, mice
were anesthetized by 1 to 2% halothane inhalation with
oxygen. The right carotid artery was exposed over a length Fig. 1. Salt-dependent changes in plasma renin activity (PRA) in wild-
type (1/1) and aENaC heterozygous mutant mice (1/2). Values areof approximately 4 mm. A PE-10 catheter filled with 5%
means 6 SEM. *P , 0.05 wild-type vs. heterozygous mice.glucose solution containing heparin (300 IU/mL) was
inserted into the artery. After ligation, the catheter was
tunneled subcutaneously to exit at the back of the neck.
The skin incision was closed with surgical staples. Mice induced by the three sodium diets in aENaC wild-type
were allowed three hours to recover from the anesthesia (1/1) and heterozygous (1/2) mice are illustrated in
and were placed in Plexiglas tubes to partially restrict Table 1. The salt-induced changes in BP and urinary
their movements. Thirty minutes later, the arterial line electrolyte concentration were comparable in the two
was connected to a pressure transducer, and BP and mouse types (Table 1). Urinary aldosterone excretion
heart rate were monitored every 20 seconds for 15 min- corrected for creatinine excretion was twofold higher in
utes. To inject angiotensin II, a venous catheter was
1/2 mice when compared with 1/1 mice. The difference
inserted in left jugular vein using the same technique.
was particularly marked in animals on the normal and
low salt diets, although the difference between 1/1 andStatistics
1/2 did not reach statistical significance.All results are presented as means 6 SEM. Statistical
Figure 1 shows the salt-induced changes in plasmacomparisons between groups were done using an analysis
renin activity in wild-type and aENaC heterozygousof variance followed by the Student t test or Dunnet’s
mice. As expected, plasma renin activity increased int test where appropriate. P , 0.05 was considered as the
mice on the low sodium diet and decreased during saltminimum level of significance.
repletion in control mice. In contrast, no significant
change in plasma renin activity was observed in aENaC
RESULTS heterozygous mice whatever the sodium diet. Similar
changes in plasma renin concentrations were observedThe changes in BP, heart rate, body weight, serum
and urinary electrolyte and amiloride-sensitive rectal PD (data not shown).
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marked in the animals on the regular and low salt diets
(P , 0.05 and P , 0.001, respectively) and tended to be
attenuated in those on the high sodium diet, although
in this latter condition the Bmax was slightly higher in
heterozygous mice. When measured on liver membranes
under normal salt conditions, the number of AT1 recep-
tors was also twofold higher in heterozygous mice (3463 6
860 vs. 1670 6 397 fmol/mg protein; N 5 4, P 5 0.04).
DISCUSSION
Sodium handling by the distal segment of the nephron
represents an important step for the final regulation of
sodium balance and hence BP control. In the distal neph-
ron, sodium transport is mediated by the ENaC under
the control of aldosterone [1]. Previous studies have
demonstrated that a reduced function of the sodium
channel results in sodium wasting [6, 12]. The presentFig. 2. Dose–response curves to exogenous angiotensin II in wild-type
(1/1; s; N 5 9) and aENaC heterozygous mutant mice (1/2; d; data show that mice with only one allele of the gene
N 5 7). Values are means 6 SEM. **P , 0.01 wild-type mice vs. encoding for the a subunit of ENaC are in a compensated
heterozygotes. MBP is mean blood pressure.
state of moderate salt depletion when they were on a
“regular” salt diet, and have an intact ability to maintain
sodium balance and BP when on a high or low sodium
diet. Heterozygous mice compensate in part by an in-Figure 2 illustrates the BP response to exogenous an-
creased production of aldosterone, which is reflected bygiotensin II in aENaC (1/1) and aENaC (1/2) mice.
the twofold increase in urinary aldosterone excretionA significant shift to the left of the angiotensin II dose–
whatever their sodium intake. In addition, aENaC (1/2)response curve was observed in (1/2) mice, suggesting
mice are characterized by an up-regulation of AT1 recep-an increased responsiveness to angiotensin II in hetero-
tors, which leads to an increased BP response to exoge-zygous mice. Figure 3 represents the BP response to the
nous Ang II, a sustained negative feedback on reninadministration of a specific AT1 receptor blocker in mice
secretion, and a further stimulation of aldosterone. Thus,on a normal sodium diet and in salt-depleted mice. In
these observations suggest that up-regulation of the AT1wild-type mice, BP did not change during the angiotensin
receptors may be another mechanism whereby the renin-II receptor blockade, whereas in (1/2) mice, the angio-
angiotensin system can be activated to compensate fortensin II receptor blockade resulted in a significant de-
a sodium loss in genetically altered mice.crease in BP values (from 120 6 1.1 to 104 6 6 mm Hg,
When aENaC (1/2) mice were examined while onP , 0.005), confirming that maintenance of BP in (1/2)
a regular sodium diet, they appear to have a normalmice depends on an activation of the renin-angiotensin
system. On the low sodium diet, angiotensin receptor phenotype, as their BP, body weight, and pattern of
urinary electrolyte excretion are comparable to those ofblockade induced a small but significant decrease in BP
(from 111 6 5 to 105 6 3 mm Hg, P 5 0.038) in 1/1 wild-type mice. Our present study further demonstrates
that aENaC heterozygous mice are indeed in a compen-mice but a marked fall in BP in 1/2 mice (from 117 6
10 to 98 6 11 mm Hg, P 5 0.0006). The change in BP sated state of salt depletion, as indicated by the twofold
increase in urinary aldosterone excretion and the fall inwas significantly greater in 1/2 (218 6 1.7 mm Hg)
than in wild-type mice (26.7 6 2.4 mm Hg, P , 0.01), BP occurring during the Ang II receptor blockade when
they were on a regular as well as on a low sodium intake.again suggesting that a greater dependency of BP on
AT1 receptors exists in heterozygous mice. The inability to maintain BP when the renin-angiotensin
system is inhibited is a good index of a salt or waterTo investigate further the mechanism whereby the
renin-angiotensin system compensates for the partial depletion, because numerous experimental and clinical
studies have demonstrated that BP does not fall duringknockout of the aENaC subunit, the number (Bmax) and
affinity constant (Kd) of AT1 receptors were measured the blockade of the renin-angiotensin cascade unless ani-
mals or subjects are salt or volume depleted [13, 14]. Inin renal and liver membranes. No significant difference
in receptor affinity was found between aENaC (1/1) and addition, the amiloride-sensitive rectal potential differ-
ence was measured to evaluate mineralocorticoid activ-(1/2) mice in either organ (data not shown). However,
the number of AT1 receptors was greater in (1/2) than ity, and it was found to be comparable in aENaC hetero-
zygous and wild-type mice despite the fact that aENaCin (1/1) mice (Fig. 4). The difference was particularly
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Fig. 3. Effects of angiotensin II receptor
blockade with irbesartan on mean blood pres-
sure in wild-type (1/1) and aENaC mutant
mice (1/2) studied on a regular salt intake
(A) and on a low salt diet (B). Values are
means 6 SEM. N 5 4 to 8 animals per group.
system is not the usual one, that is, the stimulation of
plasma renin activity.
Aldosterone has been shown to increase the number
of angiotensin II receptors in vascular smooth muscle
cells [15] and to modulate the location of AT1 and the
expression of AT2 receptors in the adrenal gland [16].
In the kidney, corticosteroids and aldosterone have been
shown to decrease glomerular angiotensin II receptors
[17]. More recently, aldosterone has also been shown to
increase the ventricular density of AT1 receptors and
corresponding mRNA in rat hearts [18]. It is therefore
possible that in aENaC heterozygous (1/2) mice, the
initial salt depletion stimulates aldosterone, which in turn
leads to an increase in AT1 receptors in target organs
such as the arteries, kidneys, and adrenal glands, thereby
Fig. 4. Salt-dependent changes in the number (Bmax) of angiotensin II potentiating the compensatory mechanisms and enablingsubtype 1 (AT1) receptors in wild-type (1/1) and aENaC heterozygous
mice (1/2). Values are means 6 SEM. *P , 0.05; ***P , 0.001 wild- the maintenance of sodium balance and the control of
type mice vs. heterozygotes. BP. Therefore, we examined the Bmax and Kd of AT1
receptors in the renal and hepatic tissues of wild-type
mice and heterozygotes and found that these latter have
a significantly greater number of AT1 receptors with anheterozygotes have only one functional allele of the a
unchanged affinity. The up-regulation of renal AT1 re-subunit gene. This apparently maintained mineralocorti-
ceptors in heterozygous mice is particularly marked incoid activity can be attributed to the increased levels
those on a normal and low salt intake. However, whenof aldosterone, as reflected by the increase in urinary
a sufficient amount of sodium is available, the differencealdosterone excretion observed in heterozygous mice.
between wild-type and heterozygous mice is blunted.The most surprising observation of these experiments
Interestingly, in heterozygous mice, the number of AT1is that aENaC (1/2) animals have fixed levels of plasma
receptors is lower than those on a regular sodium diet.renin activity and renin concentrations whatever the so-
This suggests that in 1/2 mice, the expression of AT1dium diet. This contrasts markedly with wild-type mice
receptors is still under the influence of Ang II, whichin which (as expected) plasma renin activity increases
tends to increase in those on a low sodium diet and towhen they are on a low sodium diet and decreases when
induce a down-regulation of the receptor. However, thethey have a high sodium intake. This suggests that al-
number of AT1 receptors remains twofold increased inthough aENaC (1/2) mice can maintain sodium balance
heterozygous animals when compared with the wild-typeand BP while on different sodium diets, the mechanism
whereby these animals stimulate the renin-angiotensin mice. Together with the marked fall in BP observed in
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